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Abstract
High-aspect ratio gold nanowires were dispersed in a P(VDF-TrFE)matrix to form conducting
polymer composites. The composites were found to follow a percolation law, with a low percolation
threshold of 2.2%vol and attaining a conductivity value of 100 Sm−1. The temperature and frequency
dependence of the composites were studied using broadband dielectric spectroscopy. Tunnelling was
found to be themain charge transportmechanism at temperatures below−100 °Cand a thermally-
activated hoppingmechanismwas determined to be responsible for conduction at temperatures
above−100 °C. The correlated barrier hoppingmodel was found to be the bestﬁt to explain the
conductionmechanisms in the composites.
Introduction
Conducting polymer systems have garneredmuch interest over the past few decades. Conductive ﬁllers are
dispersed in an insulatingmatrix to create systems that have themechanical advantages of the polymer, but
electrical properties of theﬁller. These systems have found useful applications inmany domains to replace their
metal counterparts; including but not limited to electromagnetic and radio interference shielding,
microelectrodes, conductive adhesives and dissipativematerials [1–3].
Polymermaterials have physical andmechanical properties thatmake them easy to process, either for small-
scale laboratory projects or large industrial applications. They are also lightweight compared to theirmetal
counterparts. Themain drawback is thatmost polymers are insulators (with typical conductivity values located
in the range of 10−14–10−7 S m−1) [4–6].
To improve their electrical properties, ﬁllers are therefore added to these polymermaterials to form
conducting polymer composites. Different types ofﬁllers are used, themost commonbeing graphite, carbon
black, carbon ﬁbres and carbon nanotubes [7–10].Metalﬁllers have also beenwidely studied, due to their
excellent electrical properties [11–13].
The physical properties of the nanocomposite dependmainly on the choice of the polymermatrix andﬁller
type and content. High ﬁller contentmay give good electrical properties for a certain application, but the
advantages of the polymermaterial are lost [14]. Low-ﬁlled polymer composites are developed as to preserve the
qualities of the polymermatrix [15]. Closely related to this is the dispersion of the ﬁller in the polymermatrix
that has to be controlled in order to better understand the conductivity in the composites.
Filler type and content are essential in determining the electrical properties of the composites, though other
factors also play an important role; theﬁller size, shape and surface properties also have an inﬂuence. It has been
shown thatﬁllers with an aspect ratio greater than 1 (the reference being spherical particles) can achieve higher
levels of electrical conductivity for lowerﬁller contents [6, 16].
Studying direct and alternative conductivity in a nanocomposite can allow for better understanding of the
conductionmechanisms involved. This in turn enables better control of physical properties for futureworks
involving polymer–metal nanocomposites (especially in the case of different assemblies of polymer–metal
couples).
In this work, gold nanowires (AuNW)with high aspect ratio were synthesised. Gold has the advantage of
being chemically inert inmost compositions and not forming oxide layers [17]. It has also been found that gold
nanowires have a high value of intrinsic electrical conductivity [18]. The gold nanowires were then dispersed in a
poly[(vinylideneﬂuoride-co-triﬂuoroethylene] [P(VDF-TrFE)]matrix to form low-ﬁlled conducting polymer
composites (<8%vol fraction of AuNW). The electrical conductivity was studied to better understand the
mechanisms responsible for conduction in these kinds of low-ﬁlled polymer composites.
Experimental
Materials
P(VDF-TrFE) (70/30 mol%)was obtained fromPiezotech S.A. The density of the polymerwas 1800 kg m−3 and
themelting temperature was determined byDSCmeasurements to be 150 °C [18]. Gold nanowires were
prepared using an electrodepositionmethod, described in the following section.
Aunanowires elaboration and composites processing
Aunanowires were grown by electrochemical deposition inside the pores of an anodic aluminiumoxide
membrane, provided byWhattman. The pore sizes were 200 nmandmembrane thickness was 50 μm.One side
of themembranewas coatedwith a silver layer to serve as the cathode. A gold electrodewas used as the anode. A
2420Keithley current sourcewas used to control the direct current intensity.
The nanowires are obtained by dissolving themembrane in a solution of sodiumhydroxide and are then
washed and dispersed in acetone.
Typical yield for one electrodeposition process is about 100 mg. A drop of theAuNWdispersed in acetone
was deposited on a scanning electronmicroscopy (SEM) sample pin. After evaporation of the solvent, thewires
were observed using a JEOL JSM6700F instrument equippedwith a ﬁeld emission gun (SEM-FEG), as shown in
ﬁgure 1(left).
The image shows that the nanowires are individually dispersed and do not form aggregates. Thewires were
also observed at very low concentrations. A small amount of the dispersion is diluted in a large volume of
acetone; a drop of this suspension is observed to determine the length of annowires using image analysis
software. It is thus possible to determine the distribution of the length of nanowires, which is presented in
ﬁgure 1 (right).
TheGaussian distribution represented by the solid curve inﬁgure 1 (right), shows that the lengths of the
nanowires are centred at 38 μm.This gives an aspect ratio of 190.
The composites were prepared using a solvent castingmethod; P(VDF-TrFE) is dissolved in acetone, the
nanowires are then poured into the polymer solution and themixture is sonicated for 5 s (about 25W) to
disperse thewires within the polymer. The solvent is evaporated using amagnetic stirrer at 80 °C for 1 h, leaving
a residue of pellets (of nanowires dispersed in the polymer). These pellets are then hot-pressed at 200 °C (to allow
for sufﬁcientmelting of the polymer) under a pressure of 0.3 MPa to form thinﬁlms of about 200 μmthickness.
The volume fractions of the AuNW/P(VDF-TrFE) composites vary from0% to 8%vol.
Figure 1. SEM image of Au nanowires and (right) length distribution of Aunanowires.
Certain samples were fractured using liquid nitrogen as to observe the lateral surface of the interior of the
nanocomposites. The samples weremounted onto a SEMpin and observed using the same JEOL JSM6700F
instrument. Figure 2 shows a composite containing 7.7%vol of AuNWs.
The image shows that thewires are distributed throughout thematrix with a particular orientation visible,
which ismost probably due to the hot-pressing technique (the orientation is perpendicular to the direction of
compression).
Electrical analysis
For conducting samples (deﬁned as having a bulk impedanceZ<100Ω), impedancemeasurements were
conductedwith aKeithley 2400multimeter using a 4-probe technique. The room-temperature conductivity is
then calculated.
For low-conducting composites (deﬁned as having a bulk impedanceZ>100Ω), dynamic dielectric
analysis was performed using aNovocontrol BDS 4000 broadband dielectric spectrometer (BDS)with a
Solartron SI1260 impedance analyser. Samples were placed between two electrodes and a sinusoidal electrical
ﬁeldwas applied.Measurements were performed at different isotherms from−150 °C to 150 °C,with a
frequency sweep from10−2 to 106 Hz. The complex conductivityσ*(ω) is determined; in this study the real part
σ′ is considered.σ′ follows a universal law (called the universal dielectric response) [19]:
s w s w¢ = +( ) A ,sdc
whereω is the angular frequency,σdc the direct current conductivity and s an exponent that is related to the
conductingmechanism.
At very low frequencies, the phase lag between themeasured impedance and ac voltage is negligible. The
second term (which depends on the frequency)may thus be disregarded as it tends towards zero. The
conductivity no longer depends on the frequency and itmay be assumed that atσ′(ω)≈σdcHenceforth,σdc
values presented (for low conducting samples) are the values of ac conductivity taken at 10−2 Hz.
In addition to frequency sweeps, themeasurements were performed at different isotherms to study the
temperature behaviour of the composites.
This paperwill attempt to study the conductionmechanisms by combining the study of temperature and
frequency dependence.
Results and discussion
Percolation threshold
The dc conductivity of these composites follow the percolation law [20, 21]. In classic percolation theory, the
ﬁllers form an inﬁnite network in the polymermatrix. At very lowﬁller contents, theﬁller particles are separated
by insulatingmatrix and charge carrier transport is impossible; the conductivity values are comparable to that of
the polymermatrix. As the ﬁller content increases the particles occupymore space and the composite’s overall
conductivity increases. Conducting particles start to formpaths where charge carriers can pass through. Some of
the factors that have an inﬂuence on the formation of this path are physical barriers, inter-ﬁller distance (which
depends greatly on the dispersion in the polymer) and potential barriers (due to the large difference in
conductivity between the ﬁller and the polymermatrix). At a critical value ofﬁller content the conductivity
undergoes a drastic increase (generally by several orders ofmagnitude) for a very smallmodiﬁcations ofﬁller
content; this is the insulating-conductor transition. The ﬁller particles form a conductive network and charge
transport is possible throughout the composite. The general formof the law is:
s s= -( )p p ,t0 c
where p is the concentration, pc the criticalﬁller content,σ0 the conductivity of composite with 100%nanowire
and t a parameter that is related to the dimensionality of the conductive path. The values of t differ according to
the dimensionality of the system; 1 for 1D, 1.3 for 2D and 1.9 for 3D [20].
Dc conductivity for all the composites is shown inﬁgure 3 as a function ofﬁller content. The inset
graph shows the dataﬁttedwith the percolation law. The percolation threshold pc is determined as the cut-off
volume fractionwhere the conductivity undergoes a drastic increase.
After the percolation threshold pc, the dc conductivity reaches a constant value of about 100 S m
−1. Similar
values have been found for polyimide–silver nanowire andP(VDF-TrFE)–cobalt nanowire systems [12, 22]. The
value of t is smaller than the expected value of 1.9 for randomly oriented ﬁllers in three-dimensional percolation
systems. Thismight be due to a slight orientation effect of the hot-pressing technique, as shown by the SEM
image of a nanocomposite. The value ofσ0 here ismuch lower than the bulk conductivity of gold
(4.5×107 S m−1) but is in good agreementwith the conductivity of pressed gold nanowires (1.64×104 S m−1)
[18]. In othermetalﬁllers oxidation is usually the cause of a lowermeasured value of conductivity; this is not the
case for gold nanowires. Contact resistance in the pressed nanowiresmay be responsible for the low value
measured.
Conductionmechanisms
Above the percolation threshold
In literature, conductionmechanisms in nanocomposites and heterogeneous systems are generally attributed to
the tunnel effect, which depends on the ﬁller content and the dispersion in thematrix [23, 24]. It has been shown
that if tunnelling is themain transportmechanism in a randomly dispersed 3D system, conductivity values are
proportional to the gap distance betweenﬁller particles, which is in directly related to themass fraction x [25, 26]
where:
/s µ -xln .dc 1 3
For the samples considered, a linear dependence is not observed.We can infer from this that tunnelling is not the
dominant transportmechanism for our composites.
Many othermodels have been proposed in literature to explain the behaviour conductivity in composite
systems.Most of them focus on a certain aspect of the composite system: statistical, geometrical, structure-
Figure 2.Nanowire distribution inside a nanocomposite (lateral surface of a cryo-fractured sample).
Figure 3.Dc conductivity of composites as a function of volume fraction of AuNWand percolation ﬁt in solid line (inset: log–log plot
to determine critical exponent t) parameters obtained: pc=2.2%vol, t=1.22 ,σ0=6.316×10
3 S m−1.
oriented or thermodynamic [21]. In this workwe have focused on the thermodynamic part, asmanymodels that
identify conductingmechanisms have distinct behaviours with temperature [27–29].
Certain semi-conductors present anArrhenius-like dependence, where the electrons have to overcome an
energy gap before being able to contribute to conduction. In this case the general conductivity is inversely
proportional to the temperature:
s µ -⎛⎝⎜
⎞
⎠⎟
E
k T
exp ,a
B
whereEa is the activation energy and kB the Boltzmann constant.
In other cases of disorderedmaterials, charge carriers that are physically separated by amaterial barrier have
overlappingwave functions that allow them tomove through thematerial [30]. The term ‘hopping’ describes
this type of transport, where charge carriers jump fromone position to another. The charge carriersmay pass
through a contact barrier or tunnel though fromone particle to another [31, 32]. In amorphous solids and
disorderedmaterials, the conductivity is generally thermally-activated. The variable-range-hoppingmodel was
ﬁrst proposed byMott to explain the conductivity behaviour [33]:
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The value of the exponent γ being related to dimensionality d of the systemby the equation g = + d
1
1
.
One of the hypotheses was that the charge carriers did not interact with each other (or if they did, it was
insigniﬁcant compared to the thermal energy).
Efros and Shklovskii [34] proposed the same temperature dependence by taking into account the interaction
between charge carriers, where γ=½ in all dimensions. Theirmodel is well-adapted to heterogeneous systems
whereﬁllers with a high density of charge carriers are dispersed in an insulatingmatrix.
Sheng andAbeles [25] proposed a tunnelling conductionmode (charge energy limited tunnelling), where
the conductivity is related to the temperature with the equation:
/
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D
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exp ,
B
1 2
whereD is a constant.
The temperature dependence of dc conductivity for composites with 5%vol of AuNW is shown inﬁgure 4.
Conductivity values increase with temperature, a shift is observed in the 50 °C–100 °C region, which
corresponds to the ferro–paraelectric transition,TF–P, of the polymermatrix. The dielectricmanifestation of the
glass transition,Tα, is visible at−30 °C [22].
The ferro–paraelectric transition of neat P(VDF-TrFE) is visible in dielectric spectra as an isothermal event at
100 °C. The temperature of this transitionwith an increasing temperature ramp is not affected by the presence of
ﬁllers [22].
Figure 4.Dc conductivity as a function of temperature for P (VDF-TrFE)/5%vol AuNWcomposite.
As presented previously, differentmodels have been proposed to explain the temperature behaviour of
heterogeneous composites. To study the relevance of eachmodel, experimental conductivity values are plotted
againstT− γ.
In this work, the bestﬁt was obtained for γ=½, as shown in ﬁgure 5.
At temperatures below−100 °C, the conductivity is temperature-independent, which is characteristic of
tunnelling-governed transport. Above−100 °C, the conductivity seems to undergo a thermal activation process
and is governed not by tunnelling but by a hoppingmechanism. The Efros–Shklovskii (ES)model is particularly
adapted to cases wheremetalﬁllers (with a high density of charge carriers) are homogenously dispersed in an
insulating polymermatrix to form a heterogeneous conducting system.
For an electron to ‘hop’ to another position, the energy gain created by themovement has to be greater than
theCoulombian energy between an electron and the hole it leaves behind. For very small distances, this
condition is not fulﬁlled; hence hops do not occur between particles around the Fermi level. Hops occur between
localised states when the energy gain is favourable. The ESmodel predicts a linear relationwithT−1/2 in this case
and the general equation becomes:
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T0 is related to the apparent permittivity of the composite by the following equation:
xe e=T
e
k
2.8
,0
2
B 0
where e is the elementary charge, ε0 the free space permittivity, ε relative dielectric permittivity of thematerial,
and ξ the localisation length.
From the ES equation several parameters can be obtained. From the linearﬁt in theﬁgure,T0=4950 K and
σ0=792 S m
−1. Taking ε to be 8 [22], the localisation length ξ that charge carriers pass through to form a
conducting path is 15 nm. This value is comparable to the inter-particle distance found in otherworks on
composites with nanoparticles dispersed in a polymermatrix, which is around 10 nm [35].
Below the percolation threshold
The percolation thresholdmarks a sharp change in behaviour in the composites; this is illustrated by
conductivity values previously. This goes to show that the composites have different behaviours below and after
pc. It is thus interesting to study a composite that is both below pc (i.e. in the isolating region) but that can be
distinguished from the neat polymer (i.e. withAuNWcontent).
Shown inﬁgure 6 is the temperature dependence for a composite with 1.5%vol of AuNWs (pc being equal to
2.2%vol, as determined previously).
The dielectricmanifestation of the glass temperature,Tα, of the polymermatrix is visible at−30 °C and the
ferro–para electric transition,TF–P, is located at 107°. Henceforth only conductivity values below the glass
Figure 5.Dc conductivity as a function ofT−1/2 for a 5%vol AuNWcomposite; solid line is bestﬁt with ESmodel.
transition are considered, as a dipolar relaxation process can inﬂuence the behaviour of electrical
conductivity [22].
In order to understand the charge transport in composites, it is interesting to study dynamic conductivity.
More often than not, this is hindered by the high conductivity values of composites after pc (these values are
almost always independent of frequency). However, by analysing a sample that is both isolating and close to pc, it
is possible to observe and study the dynamic conductivity.
The conductivity values are no longer independent of the frequency andmay be analysed using the second
termof the universal law of transport:
s w w¢ =( ) A .s
Figure 7 shows the values of conductivity as a function of frequency for a sample with 1.5% volume of Au
nanowires, for a range of temperatures between−150 °C and−25 °C (below the glass transition temperature).
By plotting the log values of the frequency and conductivity, the exponent s is the slope of each isotherm in
the linear region between 104 and 106 Hz. The calculated values are presented inﬁgure 8.
For temperatures below−100 °C, the value of s close to 0.9, which is the agreed value associatedwith
tunnelling transport [36]. Above−100 °Chowever, the values of s begin to decrease. This conﬁrms theﬁndings
in the previous part, where some sort of hopping process was found to be responsible for charge transport.
For classical tunnelling, s is temperature-independent; as seen above this is the case for temperatures below
−100 °C. Some othermodels also use the exponent s as a determining factor: the small-polaron tunnelling
theory predicts an increase in swith temperature in heterogeneous semi-conductivematerials, whereas the
Figure 6.Dc conductivity as a function of temperature for a 1.5%vol AuNWcomposite.
Figure 7.Ac conductivity as a function of frequency for q 1.5%vol AuNWcomposite.
large-polaron tunnelling theory predicts aminimum s and then an increase similar to small-polaron theory [30].
This is clearly not the case for the data shown in the ﬁgure.
The correlated barrier hoppingmodel put forth by Elliot [37] describes the behaviour of a temperature-
dependant frequency exponentwhere s decreases fromunitywith temperature. According to themodel, charge
carriers hop over (instead of through) the potential barrier separating different sites. The barrier height is
correlatedwith the distance that separates the different sites [24]. In this case the exponent s follows the relation:
wt= - + ( )s
k T
W k T
1
6
ln
,B
m B 0
whereWm is the energy difference between the two sites (the ground state and the ionised state) and τ0 the
relaxation time.
By ﬁtting the values of swithin the region of 160–280 K (ﬁgure 9) and takingω to be 104 s (frequency of the
regionwhere swas calculated)we obtainWm=0.078 eV and τ0=6.712× 10
−5 s.
Using these values, the hopping lengthRω can be calculated:
p wt= -w 
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Figure 8.Exponent ‘s’ as a function of temperature.
Figure 9.Values of s andCBHmodel ﬁt.
Between 173 and 273 K, the hopping length is calculated to be in the range of 0.91–0.93 nm. These values are
reasonable as they are of the same order ofmagnitude as the polymer lattice parameters and inter-chain
distance [38].
Shown in table 1 are values of barrier height and characteristic relaxation time reported byGhosh [39] (for
semi-conducting telluriummolybdate glass) andChandran [40] (for cadmium sulphide (CdS)nanowires) as
well asDutta [41] (for polyaniline(PANI)–silica nanoparticle composites).
Theﬁrst twoworks in the table focus on pure semi-conductors, where the samples are pressed to formpellets
orﬁlms. The third focuses on a dispersed system, butwith a conducting polymer phase dispersedwithin a
network of insulating particles.Most of the other works on theCBHmodel also focus on this type of composite,
where a conducting polymer and insulating particles are used [42–44].
Compared to the pure semi-conductors, the characteristic relaxation time is slower in the case of dispersed
systems, as the insulating phase is an added obstacle to the passage of charge carriers. The barrier height in
dispersed systems is lower than the ones found for pure semi-conductors. The value found in ourwork though is
comparable to that ofDutta and other dispersed systems [42–44].
In ourwork, for a composite above pc, the conduction is ensured by localised states of conducting phases
within the composite. These states are connected through the formation of a 3Dpercolation network, enabling
charge carriers tomove freely throughout the composite. For a composite just below pc, these localised states
exist, but are not yet connected by a conducting path. Thermal energy increases themobility of the charge
carriers by allowing them to hop over energy barriers and contribute to conduction. This seems to bemore
efﬁcient in the case of a composite above pc with a higher content of AuNW (conﬁrmed by the higher values of
conductivitymeasured). The hopping/tunnelling lengthmay also be dependent on the AuNWcontent. The
localisation length for a composite below pc was found to be 15 nmwhereas the hopping length calculated for a
composite above pc is around 1 nm. It is interesting to note that despite the large difference in conductivity
before and after pc (and hence the idea that the two systems are fundamentally different), the hopping/
tunnelling length is of the same order ofmagnitude and is furthermore reasonable. Ambrosetti et al reported
values of ξwithin the range of 0.1–100 nm for several dispersed systems [45]. This suggests that a similar
mechanism is responsible for conduction below and above pc, thereby corroborating the choice of ES andCBH
model to describe the conductionmechanisms in the composites.
Conclusions
Gold nanowires with high-aspect ratio were successfully synthesised and dispersed in a P(VDF-TrFE)matrix to
form conducting composites. SEM images show a narrow distribution of length around 38 μm (thus an aspect
ratio of about 190) and an oriented but homogeneous dispersion in the polymermatrix without aggregates.
The composites present an electric percolation threshold, whichwasﬁttedwith the percolation law to
determine the criticalﬁller content (pc=2.2%vol) and the critical exponent t (1.22). The conductivity increases
bymany decades after the criticalﬁller content, reaching a value of about 100 S m−1.
The conductivity of the lowﬁlled conductive composites was studied as a function of frequency and
temperature, both below and above the percolation threshold. It was found that the composites exhibit two
different types of behaviours. Below−100 °C the charge transport is governed by a classic tunnelling
mechanism, and above a hoppingmechanismwas assumed to be responsible. The ESmodel was determined to
be the bestﬁt for dc conductivity, with a localisation length ξ of 15 nm,which can be compared to the inter-
particle distance.
The dynamic conductivity for a composite below (and near) the percolation thresholdwas studied. By
analysing the behaviour of the exponent ‘s’, it was found that above−100 °C, theCBHmodel was the bestﬁt to
explain the charge transport in the composites, conﬁrming a thermally-activated hopping process. The charge
carriers basically contribute to conductivity by hopping over a potential barrier, leading to a change in behaviour
with frequency. This hopping process is dependent both on inter-particle distance and the energy barrier
Table 1.Comparison of barrier height and characteristic relaxation time.
Material Reference Wm (eV) τ0 (s)
TeO2.MoO3 glass Ghosh [39] 0.9 10
−12
CdS nanowires Chandran [40] 1.0 1.4×10−12
PANI–SiO2NP Dutta [42] 0.2 8.9×10
−6
P(VDF-TrFE)–
AuNW
Thiswork 0.1 6.7×10−5
between the conducting particles. Byﬁtting the conductivity values, the hopping lengthwas determined to be of
the order of∼1 nm.
The temperature and frequency behaviour of the conductive composites were studied below and above the
percolation threshold. A value of inter-nanowire distancewas determined for each case. This value is due to the
hopping length and seems to be dependent on the content of nanowires. A conductive inter-particle distance for
the electrical percolation thresholdwas estimated to be between 1 and 20 nm. The results obtained for these
kinds of composites show that the electrical conductivity below and above pc is governed by a preponderant
hoppingmechanism.
Understanding the conductionmechanisms in nanocomposites is a further step towards the elaboration of
nanocomposites with tuneable electrical properties.
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